ABSTRACT: In Grotte de Clamouse (France), aragonite forms in a variety of crystal habits whose properties reflect the conditions of formation. Prolonged degassing and evaporation yield needle aragonite, which is more enriched in 18 O and 13 C than aragonite ray crystals, which form near isotopic equilibrium. At present, aragonite ray crystals form at the tops of stalagmites at very low discharge (0.00035 ml/ min), and when fluid Mg/Ca ratio is Ͼ 1.1. Temperature and evaporation do not seem to have a significant role in their formation. The presence of aragonite in stalagmites should be indicative of a decrease in drip rate related to either dry climate conditions or local hydrology. Fossil aragonite was in part replaced by calcite in a time frame Ͻ 1.0 ka, possibly through the combined effects of dissolution of aragonite, and precipitation of calcite, which preferentially nucleated on calcite cements that had previously formed between aragonite rays. Commonly, the replacement phase inherited the textural and chemical characteristics of the precursor aragonite prisms and needles (and in particular the ␦ 13 C signal and U content), and preserved aragonite relicts (up to 16 weight %). The isotope signal of different aragonite habits may reflect conditions of formation rather than climate parameters. The real extent of aragonite-to-calcite transformation may be underestimated when replacement calcite inherits both textural and chemical properties of the precursor.
INTRODUCTION
Aragonite is the high-pressure polymorph of CaCO 3 (Helgeson et al. 1978 ), yet it forms at atmospheric pressures and temperatures. The kinetics of aragonite precipitation have been investigated for seawater, and its formation has been related to the combined effects of Mg/Ca and temperature variations (Burton and Walter 1987; Morse and Mackenzie 1990; Morse and He 1993; Morse et al. 1997 and references therein) .
Aragonite has also been observed in speleothems, where it precipitates from freshwater (Cabrol 1978; Bar-Matthews et al. 1991; Hill and Forti 1997) over a wide range of cave temperatures. These range from 2.4ЊC in Castleguard Cave in the Columbia Icefields of Alberta (Harmon et al. 1983 ) to 20ЊC at Lechuguilla, and other caves in the U.S. Southwest (Davis et al. 1990; Hill 1999; Turin and Plummer 2000) . Typically, however, massive aragonite is found in relatively warm caves (temperature Ͼ 12ЊC) (Cabrol 1978; Cabrol and Coudray 1982) . The formation of speleothem aragonite has been ascribed to an increase in drip-water Mg concentration, probably related to evaporation (Harmon et al. 1983) , that may accompany seasonal dryness (Railsback et al. 1994) . The presence of cave aragonite, therefore, could be used as an indicator of paleo-aridity. Aragonite, however, is unstable and has the potential to be replaced by calcite if speleothems are open to water infiltration. This may have occurred in some speleothems that consist of porous fabrics with evidence for dissolution phenomena (Frisia 1996) . Replacement of aragonite by calcite in caves has been described by Cabrol (1978) and Cabrol and Coudray (1982) . Information about the age and environmental conditions of cave aragonite formation, the extent of diagenetic alteration, and the effects of aragonite-to-calcite transformation on both fabric and geochemistry of speleothems are, therefore, needed to exploit fully the potential of aragonite as a paleoenvironmental indicator. This study seeks to provide some quantitative data on: (1) conditions favoring cave aragonite formation; (2) extent and timing of diagenetic alteration and (3) fabric and chemistry of presentday aragonite and calcite speleothems that form in the same cave; (4) textural and chemical changes produced by calcite replacement of aragonite. The selected study site is Grotte de Clamouse, where aragonite and calcite speleothems are still forming and replacement of aragonite by calcite had been documented (Cabrol 1978) .
GEOLOGIC AND ENVIRONMENTAL SETTING
Grotte de Clamouse (Latitude 43Њ42Ј33Љ N; Longitude 3Њ36Ј50Љ E, elevation 75 m a.s.l.) is located in southern France, about 30 km north of the Mediterranean coast (Fig. 1) . The upper level of the cave hosts the most beautiful active and fossil speleothems, and drains the relatively dry southeast-facing slope of a karst plateau covered by typical xerophytic, Mediterranean C3 vegetation. Most of the passages are cut in Middle Jurassic partly dedolomitized, oolitic dolostones, and, subordinately, in Upper Jurassic massive limestone. Calcian (54 to 58% CaCO 3 ), coarsely crystalline (crystals from 100 to 500 m in diameter) dolomite is characterized by high intercrystalline porosity. The fine-grained (mean diameter of crystals is about 40 m), massive limestone shows little intergranular porosity or fissure-related permeability. Only the passages cut in the partially dedolomitized dolomite host both fossil and active aragonite speleothems. In limestone passages, aragonite was not found.
The local present-day climate at the Grotte de Clamouse site is subhumid Mediterranean, characterized by strong seasonal contrasts. The instrumental records from Aniane station, located at 68 m asl, 3 km southeast of the cave, yielded a mean annual precipitation of 791 mm/year and a mean annual temperature of 14.1ЊC for the period . Evaporation commonly exceeds precipitation from June to early September.
METHODS
A total of 22 speleothems were collected from a network of galleries known as the Grand Carrefour and le Balcon (Fig. 1) , five of which were apparently inactive. Four of these 22 speleothems are the primary basis of this study. Stalagmites CL 26 and CL 27, 450 and 600 mm long respectively, and collected about 80 m apart ( Fig. 1 ) appeared to consist of calcite and were selected for paleoclimate study (McDermott et al. 1999) . Stalagmites CL 28 (collected about 2 m from CL 27 in the Grand Carrefour) and CL 33 (from le Balcon, near CL 26) were taken exclusively to study aragonite fabrics and formation. For fabric analyses, 20 thin sections and 6 transmission electron microscope (TEM) foils were cut from samples of stalagmites (CL 26, CL 27, CL 28, CL 33) . For analysis by scanning electron microscopy (SEM), twenty-five fragments were removed from the tips of the 22 collected specimens (at least one per stalagmite), and an additional twenty from the interior of stalagmites CL 26 and CL 27.
Environmental parameters were monitored in the Grand Carrefour. Waters associated with active precipitation of calcite and aragonite (Table 1) were collected monthly from June 1995 to November 1996 within the straw FIG. 1.-Grotte de Clamouse survey (Société G. Vila). The sampling sites of stalagmites CL 26, CL 27, and CL 33 are indicated. CL 28 is about 2 m apart from CL 27. The additional 18 speleothems that have been the object of morphology and isotope studies were all removed from the Grand Carrefour. The gallery in black is cut in limestone. All the other passages (white) are cut in partially dedolomitized Jurassic oolite.
tips through a hypodermic needle and syringe. Where this was not possible, a plastic 10 ml bottle was sealed to the stalactite tip with tape and filled up to the brim. The relatively constant C 12 drip (feeding stalagmite C 27) was monitored continuously for conductivity and temperature with a DAS-ENEA datalogger with a sampling interval of 2 hours. For the other drips, temperature (Ϯ 0.1ЊC), pH (Ϯ 0.1 units) and conductivity (Ϯ 1S/cm) were measured in the cave. Alkalinity (Ϯ 3 mg/liter HCO 3 Ϫ ) was determined by colorimetric titration within 12 hours of collection, cation analysis by ICP-AES, and anion analysis by Dionex ion chromatography (Ϯ 5%). Analyses were cross-checked by charge-balance calculations and regression against conductivity. Saturation state (Ϯ 0.1 units), defined as the logarithm of the quotient of ionic activity product and solubility product, was calculated using the updated MIX 4 program (Nordstrom et al. 1990; Appelo and Postma 1993; Fairchild et al. 2000) . Drip rates from the stalactites used for water sampling were measured seasonally by collecting drip water over a unit time (2 hours for the drips on calcite, 12 hours for the drip on aragonite) within a bottle fixed at the straw tip (precision Ϯ 2%). Cave air CO 2 concentration (by Draeger gas detector) expressed as pPCO 2 (negative logarithm of PCO 2 ; precision Ϯ 2%), air temperature (by four thermometers located in diverse sites of the same passage; precision Ϯ 0.1ЊC) and relative humidity (by psychometer, precision Ϯ 0.2%) were measured seasonally in the Grand Carrefour. Measurements were carried out on eight occasions over two years.
Water and carbonate isotope ratios were measured by Finnigan Delta S and Fisons Optima mass spectrometers. Carbonate 18 O/ 16 O and 13 C/ 12 C ratios were determined on CO 2 produced from calcite reacted with 100% phosphoric acid at 90ЊC (analytical precision Ͻ 0.1%, 1), and are reported as ␦ 18 O and ␦ 13 C per mil versus VPDB, respectively. Water 18 O/ 16 O was determined on CO 2 equilibrated with 2 ml of water sample at 23ЊC for 6 hours, and is reported as ␦ 18 O per mil versus VSMOW. Results were compared with the values for two laboratory standards analyzed at the same time (analytical precision Ͻ Ϯ 0.2‰, 1). Microstructures and carbonate phases were determined by JEOL 200 (SUNY, Stony Brook) and Philips 120 transmission electron microscopes equipped with double-tilt stages, at 200 and 120 kV, respectively. Aragonite and calcite percentages were determined by monochromatic X-ray diffraction in a textural goniometer on stalagmite slabs (1 cm thick) up to 35 cm long and 15 cm wide. The percentage of the two CaCO 3 phases was calculated using the Rietveld program (Rietveld 1967; Artioli 2000 ; analytical precision typically 0.1%). Cation analyses on carbonates were carried out by inductively coupled plasma atomic emission spectrometry (ICP-AES) with precision typically 5%.
Dating was performed by measuring U and Th isotope ratios using a Finnigan MAT 262 thermal ionization mass spectrometer equipped with a low dark-noise, ion-counting SEM channel. Sample sizes ranged from 0.1 to 2.0 g. Nine mass-spectrometric U/Th dates were obtained on CL 26 (McDermott et al. 1999) , and five were obtained on CL 27. Age uncertainties based on within-run counting statistics is Ϯ 1% at the 1 level for all samples. For CL 26, the samples for U/Th dating were collected at regular intervals along the axis of the stalagmites. One age datum was extracted from a layer showing ray-like crystals, and suspected to be in part composed of aragonite upon optical microscopy observation, at 68 mm from the tip of CL 26. Aragonite percentage was not known at the time of sampling. Stalagmite CL 27 was characterized by two distinct growth phases, a younger white, translucent phase, separated from an older brown layer by a detritus-rich band. Dating was carried out mostly on samples from the upper, translucent part.
TERMINOLOGY
Our definition of speleothem types follows Hill and Forti's (1997) classification. Stalagmites are decimeter-to meter-scale convex floor deposits, which form from water dripping from an overhead stalactite. Stalactites are cone-shaped or cylindrical speleothems (centimeter-to meter scale), with a central canal through which water seeps and a thin, tubular layer of crystals surrounding the canal (soda straw). A helictite is a centimeter-scale speleothem, which grows in any direction, and is believed to form when hydrostatic pressure forces solution out of a pore or a crack. Draperies are curtain-like speleothems (several tens of centimeters long) which hang down from inclined walls, which form from flowing water. Baguette de gour is a centimeter-scale pool deposit found at Grotte de Clamouse, which grows towards the bottom of a pool, and resembles French bread. Frostwork is a centimeter-scale speleothem formed by clusters of acicular aragonite crystals, which are believed to grow through capillary films (Hill and Forti 1997) .
RESULTS

Air and Water Physicochemical Parameters
Relative humidity in the Grand Carrefour varied from 98 to 99%, and the galleries were not subjected to measurable airflow. Air temperature was stable at 14.5ЊC, identical to that of dripwater measured by the data logger from June 1995 to November 1996 at site C 12 (drip feeding CL 26; T ϭ 14.5 Ϯ 0.01ЊC). Cave air pPCO 2 rose from 2.42 to 2.32 (CO 2 concentration from 0.38 to 0.48% by volume) from winter to summer (Table 1) . Water pH varied throughout the year, with minimum values in winter from January to February (7.65 Ϯ 0.05, n ϭ 7), and maximum values in autumn from September to December (7.85 Ϯ 0.10, n ϭ 11). Drip water conductivity for the monitored drips fluctuated between 335 and 390 S/cm (reported relative to 20ЊC). The drip rates of relatively low-discharge soda straws were constant throughout the year for each of seven drips, and the discharges varied from 0.00034 to 0.03 ml/minute (Fig. 2) .
Water Mg/Ca ratio remained fairly constant for most sites, but overall drip rates displayed an inverse relationship to Mg/Ca ratio at different sites figure) , indicating that evaporation in the soil zone above the cave does not effectively cause 18 O enrichment in cave drip waters. Diamonds, monthly mean meteoric water; circles, drips on calcite speleothems; squares, drips on aragonite speleothems. showing phreatic aragonite (baguette de gour in the Grand Carrefour). Reentrant corners in photo E are probably due to twinning on {110}. Note the pseudo-hexagonal pits in both photo E and photo F. G-L) Aragonite and coexisting calcite in stalagmites: elongate aragonite rays (photo G) with F faces, and little intercrystalline and intracrystalline porosity (photo H); I) TEM micrograph showing growth twins on {110}; J) typical blunt (square) terminations of aragonite rays (photos G to J refer to CL 28); K) active aragonite and calcite. Aragonite here grows off-axis, towards the flank of a small stalagmite from Grand Carrefour, adjacent to CL 28; L) calcite crystals growing between aragonite rays at the top of CL 28. The relationship between the two polymorphs is ambiguous, but no clear replacement structures are visible. (Fig. 2) . Drip water (18 measurements from 7 drip sites) supersaturation with respect to calcite varied from Ϫ0.04 to 0.6 (Table 1) . Most drip waters are slightly supersaturated or undersaturated with respect to aragonite. In particular, the drip D 6 on the aragonite stalagmite CL 33 has the lowest discharge, the highest drip-water Mg/Ca ratio, and is undersaturated or near saturation with respect to aragonite (at the feeding stalactite tip), and is close to saturation with respect to calcite. Drip waters with the highest supersaturation with respect to aragonite were collected from draperies and cone stalagmites. These drips had Mg/Ca ratios from 0.29 to 0.80. Significantly, no aragonite was identified in the modern carbonates precipitated from the drips with the highest supersaturation with respect to aragonite. Pool waters (7 analyses for 4 different pools) had Mg/Ca ratios ranging from 0.93 to 2.06 and were near saturation or slightly undersaturated with respect to aragonite (Table 1) . Phreatic aragonite deposits were observed only in a pool subjected to periodic, complete drying.
Oxygen isotope values in drip waters varied from Ϫ5.9‰ to Ϫ6.5‰ with average value Ϫ6.3‰ (McDermott et al. 1999 ), close to the weighted annual mean recorded at the surface (Ϫ6.5‰). Aragonite (with the exception of frostwork, for which we could not collect waters) and calcite formed from waters that have similar oxygen isotope values when they drip into the cave (Fig. 3) . The dripwater ␦ 18 O plotted vs. ␦D values cluster above the Mediterranean meteoric-water line (Fig. 3; Gat 1980; Rozanski et al. 1993) . There is, therefore, no clear evidence for 18 O enrichment due to evaporation at the surface (soil zone). We have no data for the carbon isotope values of the inorganic carbon dissolved in the drip water.
Mineralogy, Crystal Morphologies, and Fabrics
Aragonite needle crystals (we use this term to indicate elongate crystals with length-to-width ratio exceeding 6:1 and a needle-like tip) up to 2 cm long and 1 mm wide are common in frostwork. Crystals are elongated along the c axis, and are characterized by flat (F) faces on the flanks. These faces probably belong to the {110} and {010} forms, as inferred from visual comparison between SEM micrographs ( Figure 4A ), the reported cave aragonite habits (Cabrol 1978; Onac 1997) , and the theoretically calculated common aragonite habits (Aquilano et al. 1997) . The elongated prisms terminate with a combination of forms, which likely consists of the F {001}, {111}, {011}, and of the stepped (S) {012} and {021}, as inferred from comparison with the most common aragonite forms (Goldschmidt 1913; Aquilano et al. 1997) (Fig. 4A-F) . Many of the collected frostwork specimens show calcite rhombohedra (Fig. 4D) , which, apparently, grew on top of the aragonite needles (commonly, 94% aragonite and 6% calcite). No clear dissolution features are visible in the aragonite by SEM. It is, therefore, difficult to determine whether aragonite was replaced or primary calcite coexisted with aragonite at the time of removal.
The phreatic baguettes de gour consist of 100% aragonite in pseudohexagonal prisms with reentrant angles (twinning on {110}). The pseudohexagonal tips of aragonite crystals show pseudo-hexagonal holes up to 20 m deep, beneath which the crystal interior is dense and smooth ( Fig. 4E-F) . The shape of the pits does not allow the determination of whether these are the products of surface-controlled dissolution (Berner 1983; Lasaga 1990) or growth. We observed only one clearly active, wet stalagmite (CL 33) consisting of 100% massive aragonite with blunt crystal terminations (square ended as observed by the optical microscope), orthorhombic pro- files, and pits. Stalagmite CL 33 is composed of elongate, translucent crystals, which tend to form fans radiating from the axis outwards (Fig. 4G) . Crystals exhibit F faces on the flanks (Fig. 4H) , most probably the {110} and {010} forms (Goldschmidt 1913) , as determined through selected area diffraction patterns (SAD). Twinning on {110} is relatively common (Fig.  4I) . Two other small, wet, translucent stalagmites show ray crystals (straight-edged, elongated, crystals with square ends; Assereto and Folk 1980) consisting of aragonite and subordinate calcite. No clear dissolution features are visible through SEM between the two carbonate phases. In stalagmite CL 28 (80-90% aragonite), calcite formed between the aragonite prisms, and in a small stalagmite, adjacent to CL 28, aragonite developed just off a calcite core (Fig. 4J-L) . Most aragonite-bearing speleothems that we observed, however, were dry, and coated by powdery huntite (Figs. 5A,  B) , as determined by X-ray diffraction.
Fibrous fabric consisting of translucent calcite has been observed at the top of most active stalagmites (Figs. 6A, B) . Crystallites show a few microstructures (Fig. 6C) , commonly dislocations and rare, coarse, modulated microstructure (Fig. 6D) . In stalagmite CL 26, white fans of ray crystals, up to 15 mm high, developed on fibrous calcite from 68 to 65 mm from the top (Fig. 6B) . Fans consist of elongate prisms with pit-ridden faces, rhombohedra, and non-euhedral crystals (Fig. 6E) . Their composition ranges from 1.5 to 15.6 weight % aragonite.
The upper part of stalagmite CL 27 (0 to 282 mm from the top) is composed of translucent fibrous calcite fabric, identical to that of CL 26. Three layers marked by the occurrence of radiating fans composed of ray crystals and needle-like crystals (Fig. 6F-G) , have been observed at 82, 140 and 280 mm from the top (Fig. 7) . All fans consist of an admixture of aragonite (up to 11 weight %) and calcite. Fans appear through SEM as composed of pseudohexagonal individuals (Fig. 6H) with reentrant corners. Intercrystalline boundaries are marked by dissolution voids, which partially destroy the original fabric. Most crystals show a few dislocations, and twinning on {110} (Fig. 6I ). Calcite mosaics with ghosts of aragonite needles (as in Fig. 6G ) are characterized by micropores (Ͻ 50 m in diameter; Fig. 6J ). At TEM scale, calcite mosaics with needle relicts show microdomains, about 50 nm wide and up to 150 nm long, bounded by dislocations (Fig. 6K) . The X-ray diffraction analyses indicate a composition of 89-90% calcite and 10-11% aragonite. The small size of the domains produced ringed, poor-quality selected area diffraction patterns, so that it was impossible to establish crystallographic relationships between calcite and aragonite.
The layer between 280 and 320 mm from the top in CL 27 separates honey-colored and opaque (below) from white and translucent (above) carbonate fabrics. Fans consisting of ray crystals whose average mineralogical composition is 90% calcite and 10% aragonite occur at 250 mm from the top (Figs. 7, 8A ). Relics of ray crystals are visible at 280 mm from the top, just above a thin coating of clay. An etched surface, marked by a thin clay layer at 320 mm from the top, separates ray crystals above from honeycolored calcite (up to 98.5 weight %) mosaic with aragonite inclusions (from 1.5% to 8% in weight; Fig. 8B ) below. The mosaic of calcite crystals shows patchy extinction, the outline of fiber crystals (Fig. 8C) , and intergranular porosity. Calcite crystals are characterized by macrostepped sides and curved terminations (Fig. 8D ). Dislocations and subgrain boundaries are common defects of calcite mosaic crystals (Fig. 8E-F) . Microdomains (as in Fig. 6J ) are also present.
Dating of the fans consisting of aragonite and calcite admixture at 68 mm from the top in CL 26 yielded 1.167 Ϯ 0.003 ka (McDermott et al. 1999) . Pure calcite at 6 mm from the top is 0.282 Ϯ 0.007 ka old, and the age of another pure calcite specimen at 138.5 mm from the top is 2.120 Ϯ 0.011 ka (all errors quoted at the 1 level). Mass-spectrometric U/Th ages for CL 27 are reported in Table 2 , along with the aragonite and uranium content for the sample analyzed. The age of mixed aragonite (up to 9%) and calcite at 84 mm from the top (see Fig. 7 ) is 1.092 Ϯ 0.003 ka BP. The age of the stalagmite changes from 5.99 Ϯ 0.017 in the pure calcite at 282 mm from the top to 79.67 Ϯ 0.33 ka at 290 mm from the top. The U content is commonly low in pure calcite (up to 0.52 ppm), and it increases with increasing aragonite percentage, up to 5.36 ppm in the sample with 11% aragonite (Fig. 9) . In CL 26, the mixed aragonite and calcite sample dated at 68 mm from top yields 4,750 ppm U, whereas pure calcite has a maximum of 0.177 ppm U.
Aragonite and Calcite Chemistry
Stable-isotope analyses were carried out on selected active and fossil calcite and, to a lesser extent, on aragonite speleothems. The data yield a trend sloping towards more enriched ␦ 18 O and ␦ 13 C values (Fig. 10) , indicative of the increasing importance of prolonged degassing and evaporation phenomena from stalagmites to frostwork (Gonzalez and Lohmann 1987) . Frostwork aragonite needles are the most ␦ 18 O-and ␦ 13 C-enriched, and exhibit positive ␦ 13 C. Subaqueous aragonite prisms from the baguette de gour have lighter values, with ␦ 18 O and ␦ 13 C averaging Ϫ3.6‰ and Ϫ3.7‰, respectively. Pure aragonite stalagmite tips represent the most depleted ␦ 18 O and ␦ 13 C end member for aragonite (Fig. 10) . Active, pure calcite stalagmites, helictites, and pool deposits show the most negative ␦ 18 O (from Ϫ5 to Ϫ5.6‰) and ␦ 13 C values (from Ϫ8 to Ϫ10‰). In CL 26 and CL 27, calcite deposited in the past 500 years (McDermott et al. 1999) shows mean ␦ 13 C value of Ϫ9‰ and ␦ 18 O values from Ϫ4.4 to Ϫ5.8‰. Significantly, the isotopic composition of the calcite less than 500 years old partially overlaps with the field of actively forming calcite (Fig.  10) . Fossil, mixed aragonite and calcite layers show mean ␦ 13 C values of about Ϫ6.5‰, and ␦ 18 O values from Ϫ3.5 to Ϫ5.2‰.
The molar Mg/Ca ratios in recent, pure calcite ranges from 11 to 75 ϫ 10 3 (n ϭ 31). Taking a value of 0.018 for the partition coefficient of Mg in speleothem calcite, as determined at 15ЊC by Huang and Fairchild (2001) , this range in ratios would correspond to aqueous Mg/Ca ratios of 0.6 to 4.2 (cf. Fig. 2) . In fossil speleothems CL 26 and CL 27, Mg/Ca in calcite sampled at 2 mm intervals displays average value of 32 ϫ 10 Ϫ3 with a rising trend to 39 ϫ 10 Ϫ3 below the mixed aragonite-calcite fans in CL 26, and a falling trend above. Sampling resolution for CL 27 was insufficient to resolve Mg trends adjacent to aragonite-bearing layers. The plot of Mg/Ca vs. ␦ 13 C for CL 26 and CL 27 (Fig. 11) shows that pure calcite is depleted in ␦ 13 C and enriched in Mg with respect to mixed aragonite and calcite. Calcite with relict aragonite in the lower part of CL 27 is the most Mg-depleted and 13 C-enriched.
DISCUSSION
Factors Controlling the Formation and Habit of Aragonite
Drip waters on aragonite speleothems are, at present, near saturation or even undersaturated with respect to aragonite. An important question is why aragonite forms at all. It is known that Mg 2ϩ is a strong inhibitor of calcite nucleation (Bischoff and Fyfe 1968) and that it retards calcite growth (Burton and Walter 1987) . In freshwater solutions, Gonzalez and Lohmann (1987) observed that aragonite is precipitated when the fluid Mg/ Ca ratio exceeds 1.5. The drip on aragonite stalagmite CL 33 has a Mg/ Ca ratio of around 1.1, but aragonite does not form in pools with Mg/Ca ratio of 2.06 (Table 1) . Although six sampling sites are not statistically significant, Mg/Ca ratio alone may not be a sufficient control on aragonite formation. The antipathetic covariation of Mg/Ca ratio and drip rate seems to be a necessary condition for aragonite formation at Grotte de Clamouse (Fig. 2) . Low drip rates and related increases in supersaturation (through prolonged degassing ; Dreybrodt 1988 ) and the presence of impurities, such as magnesium, are conditions known to lead to non-equilibrium crystal forms (Sunagawa 1984; Frisia et al. 2000) . The observed cave aragonite habits are highly deviant from the equilibrium, quasi-cubic form calculated on the basis of surface energies (Aquilano et al. 1997) . The occurrence of platy {010} crystals elongated along the c axis has been related to the effect of both the preferred adsorption of water on {010} and impurities (Aquilano et al. 1997) . Needle crystals show both flat (F) faces and stepped (S) faces. Rough, S faces are more likely to grow faster than F faces from highly supersaturated solutions or transport-controlled growth (Gilmer et al. 1971; Garside 1977; Lasaga 1990 ). The 18 O and 13 C enrichments measured for pure aragonite needles (Fig. 10) support the hypothesis that high supersaturation was attained through prolonged degassing and evaporation (Gonzalez and Lohmann 1987; Dreybrodt 1988) related to capillary flow, as suggested by speleothem morphology (Stepanov 1997) . The combined effects of degassing and evaporation may be responsible for the stabilization of S faces in needle aragonite. Frostwork needles are much more enriched in 13 C with respect to both stalagmite aragonite and calcite than FIG. 8.-Replacement fabrics and microstructures in CL 27 stalagmite. A-C) Thin section photographs showing: A) fans of ray crystals radiating from a discontinuity (section E in Fig. 7) ; B) calcite mosaic with relict aragonite needles (section J in Fig. 7) ; and C) neomorphic calcite mosaic that partially preserves the precursor aragonite fabric (section F in Fig. 7) ; crossed nicols. D) SEM micrograph showing the calcite crystals in part C. Note curved (arrows) and stepped faces. E-F) TEM micrographs of replacement calcite, which show E) dislocations and F) subgrain boundaries marked as ''S. '' predicted from the different isotopic fractionation between water and the two CaCO 3 polymorphs (Tarutani et al. 1969; Morse and Mackenzie 1990) . We attribute these unexpected enrichments to degassing during formation of needle aragonite crystals. Most frostwork needles, however, seem inactive, and coated by the anhydrous CaMg 3 (CO 3 ) 4 huntite, which is believed to form through evaporation of the water film from which aragonite had precipitated (Harmon et al. 1983 ). The sequence aragonite → huntite indicates a trend towards diminution and cessation of water flow on a speleothem. The role of water adsorption in conditions of capillary flow and flow diminution may, therefore, be important in determining the needle habit of frostwork aragonite.
Phreatic and stalagmite aragonite crystals show square terminations and dominant F faces. The habit is indicative of a lower growth rate, and at lower supersaturation conditions (Lasaga 1990 ) than needle crystals, as predicted by the periodic bond chain (PBC) concept (Hartman 1973) . Crystal habit and low density of crystal defects allow us to hypothesize that formation in quasi-isotopic equilibrium could have been possible. Phreatic aragonite is enriched in both 13 C and 18 O with respect to stalagmite aragonite (Fig. 10) , probably because of more prolonged degassing and evaporation phenomena in pools than at stalagmite tips.
The ␦ 18 O value of aragonite at the tips of stalagmites is 0.7 to 1.4‰ heavier than stalagmite calcite formed from waters with similar oxygen isotope values. Average enrichment is about 1‰. At 25ЊC aragonite should be 0.6‰ heavier than calcite (Tarutani et al. 1969 ). For temperatures ranging from 3ЊC to 19ЊC, mollusc aragonite, for example, is about 0.7‰ heavier than coprecipitating calcite (Grossman and Ku 1981) . Average enrichments observed in stalagmite aragonite at Grotte de Clamouse suggest that stalagmite aragonite formed at quasi-isotopic equilibrium, by taking into consideration that most stalagmite calcite at Grotte de Clamouse formed at quasi-isotopic equilibrium and not at equilibrium (McDermott et al. 1999 ). The ␦ 13 C enrichment with respect to calcite ranges from 2 to 3.4‰. Such enrichment is slightly higher than that predicted from the different enrich- ment factors for calcite and aragonite forming from the same waters (Morse and Mackenzie 1990) . The 13 C enrichment indicates that aragonite probably formed under slower, more constant, and more prolonged degassing conditions than calcite. The complexity of phenomena that control 13 C enrichment in speleothem aragonite precludes simple translation of ␦ 13 C data to provide past vegetation records.
The presence of aragonite and calcite in active stalagmite surfaces, where calcite is not clearly replacing aragonite (Fig. 4L) , seems to indicate that the solution fluctuates between aragonite and calcite supersaturation (cf. Walter 1985) , and the formation of aragonite may be also related to the kinetics of crystallization and growth. If adsorption of magnesium on the surface of some calcite nuclei that attempted to form prevented their growth beyond subcritical size (Reddy and Wang 1980) , aragonite nuclei may have formed, and aragonite crystal growth could have then occurred spontaneously with a net decrease in free energy (Berner 1983 ). Once aragonite growth had started, and especially if growth was through the screw dislocation mechanism (yielding F forms; Burton et al. 1951) , aragonite could have grown even if the water was barely at saturation, or even slightly undersaturated for aragonite. If this was the case, at Grotte de Clamouse aragonite and calcite existence in the same speleothem is possible, and it would be controlled by a complex combination of water chemistry and physical parameters.
Increasing temperature has been inferred to have a role in the formation of speleothem aragonite (Moore 1956; Railsback et al. 1994 ). Hill and Forti (1997) recognized that temperature is not a major control on aragonite formation, inasmuch as cave aragonite forms under a wide range of temperatures. Temperature does not seem to control aragonite and calcite precipitation at Grotte de Clamouse, because both polymorph form in the same passages, at about 14.5ЊC. Evaporation does not seem to play a critical role in the deposition of stalagmite rays at Grotte de Clamouse, as inferred from their slight 18 O enrichment with respect to calcite. The results from the present study, consequently, further emphasize the major role of drip rate (which in turn controls degassing) in controlling the physicochemical parameters of stalagmite carbonates (Dreybrodt 1988; Baker et al. 1997a; Baker et al. 1997b; Frisia et al. 2000) , including their mineralogy and crystal habit.
The mechanisms inferred for Mg/Ca ratio increase and drip-rate decrease on CL 33 drip are related to local hydrological conditions affecting the feeding stalactite . Augmentation or diminution of water flow may be related to both local hydrology and climate changes. The occurrence of aragonite fans that may have developed more or less at the same time in the distant stalagmites CL 26 and CL 27 hints at the possibility that aragonite formed as a consequence of climate change, such as a decrease in rainfall rate (Railsback et al. 1994) . The presence of aragonite fans in CL 27 at ages that correspond to calcite layers in CL 26, however, indicates that the hydrological systems feeding the two speleothems have different sensitivity to water availability in the aquifer. The formation of fossil, massive aragonite stalagmites has been related to arid, glacial climate by Cabrol and Coudray (1982) . The lower part of CL 27, which probably formed as aragonite stalagmite prior to 80.0 ka, may support Cabrol and Coudray's (1982) hypothesis. Thus, although aragonite seems to have potential as an indicator of aridity, the influence of local hydrology may be very strong and may amplify (or damp) a paleoclimate signal.
Aragonite to Calcite in Speleothems
Aragonite-to-calcite transformation should be expected in the cave environment because aragonite is unstable at surface pressures and temperatures. Some active stalagmite rays and dry frostwork needles, however, are still composed of pure aragonite. In the case of dry speleothems, transformation could be very slow because there is almost no liquid phase to allow for dissolution-reprecipitation of aragonite with relatively few crystal defects (Frisia-Bruni and Wenk 1985) . In the case of stalagmites CL 28 and CL 33, although there is a liquid phase wetting the speleothems, the transformation of aragonite to calcite can be inhibited by the persistence of aragonite-forming conditions, such as presence of Mg 2ϩ in solution.
Aragonite rays and fans in both CL 26 and CL 27, however, were almost completely replaced by calcite. All replacement calcite crystals contain ghosts of aragonite at microscopic to submicroscopic scales (Fig. 6K) , and some replacement calcite preserves the original aragonite texture (Fig. 6F) . Relicts of the precursor phase and preservation of fabrics are common features of neomorphism (Folk 1965; Mazzullo 1980) , a process that involves microscale dissolution of aragonite and precipitation of calcite along a thin film of fluid (100 Å to 1 m across) (Pingitore 1976) . Scanning electron microscopy and optical microscopy observations, however, revealed that replacement phenomena were also fabric-destructive (Figs. 6E, 8B, C). A certain degree of chemical openness is, therefore, to be expected in the system (cf. Maliva et al. 2000) . Over what length scales the system was open, however, is not known (for example, redistribution of elements like uranium on a scale of 10-1000 m would not affect the overall systematics in a relatively large volume for dating). We believe, therefore, that aragonite-to-calcite transformation at Grotte de Clamouse occurred through several mechanisms in a dynamic diagenetic system. Aragonite speleothems show relatively high primary intercrystalline porosity (Figs. 4B, J, K). These pores are partially cemented by calcite rhombs (Fig. 4L) , which grew also on frostwork needles (Fig. 4D) . We have already discussed that the coexistence of calcite and aragonite is possible at Grotte de Clamouse because of kinetics. Experiments in aqueous solutions demonstrated that aragonite coexisting with a trace amount of calcite transforms more easily into calcite with respect to sole aragonite (Yoshioka 1987) . The same experiments indicated that magnesium adsorbed on an aragonite surface must be released prior to aragonite dissolution and calcite reprecipitation, because magnesium reduces the rate of transformation by inhibiting calcite precipitation at aragonite surfaces (Kitano et al. 1980) . When drip water physicochemical conditions became unfavorable for aragonite stability (metastability), the presence of calcite cement between aragonite crystals may have had a great influence in promoting replacement, because it acted as preferential, magnesium-free nucleation site for calcite that precipitated in the porosity created through dissolution of aragonite (Maliva et al. 2000) . Present-day drip waters at Grotte de Clamouse are commonly slightly supersaturated for calcite and the saturation state for aragonite fluctuates from undersaturation to slight supersaturation. Given such a dynamic system, it is possible that the aqueous solution at the tip of the stalagmite was at first undersaturated with respect to aragonite (with drip rate Ͼ 0.00035 ml/min and Mg/Ca ratio Ͻ 1.1), promoting aragonite dissolution, but as calcite precipitated, the solution became locally supersaturated with respect to aragonite, and possibly left undissolved aragonite relics. Magnesium content in the mixed aragonite-calcite fans and rays is probably due to uptake of Mg ion from the aqueous solution by calcite during replacement.
Aragonite dissolution released uranium; in fact, the distribution of U decreases significantly with increasing calcite percentage (Fig. 9) . The im-pact of micrometer-and submicrometer-size precursor phase inclusions on the geochemical signal of a replacement phase is, therefore, important, and helps to unravel the diagenetic history of a deposit (Wenk et al. 1993) . For example, in the case of Grotte de Clamouse, the aragonite originally had higher U contents and the U content of a bulk sample appears to be directly proportional to the fraction of remaining aragonite.
Replacement calcite with 1.5% to 15% aragonite remaining is enriched in 13 C (Fig. 10 ) with respect to primary calcite. The carbon isotope values of calcite that replaced aragonite are close to those of active, pure aragonite at stalagmite tips. Secondary calcite 13 C enrichment is not strictly related to the percentage of aragonite relicts present. Carbon isotope signatures seem to be inherited by calcite from the precursor phase. In this perspective, 13 C enrichment, as well as the U enrichment, observed in replacement calcite are related to the precursor phase, and cannot be used as environmental or climate proxy data.
Replacement Oxygen isotope depletion, magnesium uptake, and uranium removal during diagenetic transformation support our inference that the system was in part chemically open, and both transformation across a thin film of fluid and exchange with bulk solution (through the larger voids, at the scale of 10 m) were possible, as documented in diagenesis of biogenic aragonite (Maliva et al. 2000) . Chemical factors, however, are not the only ones influencing aragonite dissolution. Observation of sedimentary carbonates by transmission electron microscopy provided evidence that the availability of defects such as twins, dislocations, and surface irregularities exert a great control on the kinetics of the replacement process (Wenk et al. 1993) , and especially when solutions are between aragonite and calcite saturation (Walter 1985) . Multiple twins (Figs. 4I, 6I) were most probably the preferential sites for aragonite replacement (Frisia-Bruni and Wenk 1985) , as can be inferred from the dissolution voids at twin reentrants (Fig. 6H) . Unfortunately, replacement calcites are relatively free of diagnostic microstructures, with the exception of a few nonpervasive, coarse modulated microstructures, and we could not use microstructures to diagnose replacement fronts (Ward and Reeder 1993) . Also, the precursor aragonite has few diagnostic growth microstructures. Understanding of how exactly the replacement fronts moved is difficult.
The extent of replacement in aragonite layers as young as about 1.2 ka was almost complete, and yielded a mixture of 98.5% calcite and 1.5% aragonite. It is possible that the aragonite-to-calcite transformation took place between about 1167 and 282 years BP in CL 26. Because the presence of calcite cement probably increased the rate of dissolution-reprecipitation (Yoshioka 1987) , replacement may have been completed with the deposition of the pure, nonporous columnar calcite layer above the fans.
The transformation of aragonite in calcite has occurred in a time frame of Ͻ 1.0 ka, which is faster than Hill and Forti (1997) estimated in their review of speleothems. It has been calculated that complete conversion of aragonite into calcite may occur in 5 to 16 ka in the phreatic, meteoric diagenetic environment (Budd 1988) . In the vadose freshwater zone, the timescale for conversion seems to be on the order of 10 5 to 10 6 years (Morse and Mackenzie 1990) . The relatively rapid aragonite-to-calcite transformation at Grotte de Clamouse, as inferred from U/Th dating, sheds new light on the timing of early diagenetic conversion of aragonite to calcite in the vadose, freshwater zone. Such inference, however, is based on the premise that the U/Th ages of mixed aragonite and calcite layers record the age of the aragonite precursor. Because aragonite contribution to the bulk sample uranium content (in ppm) is about 400 times that of calcite in CL 26 and about 5 to 80 times in CL 27 (Table 2) , we believe that the U/Th dates are indicative of aragonite age. This assertion is supported by the remarkable constancy in initial 234 U/ 238 U ratios (3.841 Ϯ 0.005) in the entire Holocene section sampled in CL 27. A similar constancy in initial 234 U/ 238 U ratios is evident over large section of CL 26 (e.g. 4.34 Ϯ 0.01) in the section deposited between 2.79 and 0.28 ka. Since open-system postdepositional mobility of the U nuclides would have produced readily detectable fractionations in 234 U/ 238 U we conclude that, at the scale sampled for U-series measurements, the system remained closed and the age of aragonite deposition is faithfully recorded. Quoted 1 errors on the determined U/Th ages reported in Table 2 are based on the counting statistics of the mass spectrometric measurements and do not account for possible uncertainties due to replacement.
CONCLUSIONS
1. Different cave aragonite habits can reflect the conditions of formation, which determine their physicochemical properties. Needle aragonite forms under conditions of slow, continuous, prolonged degassing and evaporation, and is the most isotopically enriched. Prismatic aragonite forms in stalagmites from drips with discharge rates lower than 0.00035 ml/min and whose Mg/Ca ratio is Ͼ 1.1. 2. The 13 C enrichment measured in speleothem aragonite seems to be related to both the fractionation factor and prolonged degassing. The complexity of the phenomena that control the 13 C content of aragonite precludes a simple translation of absolute 13 C data to provide records of past vegetation changes. 3. The observed replacement of aragonite by calcite probably occurred in a system that was in part chemically open. The presence of calcite cement between aragonite rays and needles probably favored replacement calcite nucleation when the saturation state fluctuated between aragonite undersaturation and calcite supersaturation. 4. Precursor aragonite chemistry is both inherited by the replacement phase and preserved in micrometer-size aragonite relics. 5. Aragonite-to-calcite transformation has occurred in a time frame of Ͻ 1.0 ka, which is faster than calculated so far for early diagenesis in the freshwater vadose zone.
